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Symbols

A Area

Aa Annular area

a Sound velocity

BL, BT Leading and trailing edge angles of blade

C Chord length

Cp, Cpi Pressure coefficients of compressible and incompressible
fluids

Cp Specific heat at constant pressure

Dp,Ds,Dt Blade diffusion parameters

d Diameter

dL, dT Leading and trailing edge diameters of blade

dO Angle

G Turbine weight flow rate

g Gravity acceleration

H Enthalpy

AHT Turbine thermal head '

h Blade height

i Blade incidence, also indicates i-th circle

J Work equivalent of heat; 426.9 kg.m/kcal

L Specific blade loss; (1 - nt)/aM

k Arm length of dynamometer; 14606 m

M Mach number

m sin2a2

N Turbine revolution speed

n Number of blades

0 Blade throat width

P Pressure

R Gas constant

Re Mean Reynolds number inside turbine

RL, RT Leading and trailing edge radii of blade

RF Temperature recovery coefficient

r Blade radius in height direction

S Entropy

iii



S Blade pitch

T Temperature

U Peripheral velocity.

V Absolute velocity

W Relative velocity

WT Dynamometer load

X, Y Coordinates

Yt Total pressure loss coefficient of blade

x Length (mainly in axial direction)

y Length (mainly in blade height direction)

z Length

(Greek letters)

aAbsolute outf&ow angle

B Relative outflow angle

y Specific weight

SRatio of turbine inlet total pressure to standard pressure

E, Scr Compensation coefficients for flow rate

n Efficiency

nT Adiabatic efficiency based on enthalpy when designing
the turbine

nt Adiabatic efficiency based on dynamometer output and
turbine expansion ratio

nl-3 Adiabatic temperature efficiency based on tbtal tem-
perature ratio and total pressure ratio

e Angle

e, 6cr Velocity ratio

K Specific heat ratio

X Air fuel ratio

SCoefficient of viscosity

Angle of stagger

"T Turbine expansion ratio

p Density

PR Degree of reaction

a Solidity; C/S,

T Turbine torque
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' 9cr Compensation coefficients for turbine expansion ratio

YN Velocity coefficient of stator blade

YN' Total pressure ratio before and after stator blade

Entropy function

w Angular velocity

(Subscripts)

a Axial direction

ad Adiabatic

air Air

cr Value at M = 1.0

des Design

i Incompressible, or i-th

M Mean (mean diameter)

max Maximum

N Stator blade

R Rotor blade

r Relative

rad Radial direction

s Static

st Standard state

T Turbine

t Total

th Theoretical

u Peripheral velocity or peripheral direction

1 Befdre stator blade

2 After stator blade, before rotor blade

3 After rotor blade

CO Infinite

Mean

v



AERODYNAMIC INVESTIGATION OF AN AIR-COOLED AXIAL-FLOW TURBINE.

PART I. TURBINE DESIGN AND OVERALL STAGE PERFORMANCE WITHOUT

SUPPLY OF COOLING AIR

Atsumasa Yamamoto, Kitao Takahara, Hiroyuki Nouse, Siegeo Inoue,

Hirosi Usui, and Fujio Mimura

!. Introduction

In recent aircraft there has been a demand for the de- /3*

velopment of engines with a decreased fuel flow rate by in-

creasing the minimum cycle temperature, improving the thermal

efficiency, and using fan engines with an improved propulsive

efficiency. It is necessary to cool the turbine blades so

that they can withstand this high gas temperature at the turbine

inlet. In the aircraft turbines all over the world today, the

air coming from the compressor is used to cool the blades, and

the turbine inlet temperature has been raised rapidly year by

year thanks to progress and improvements in the cooling methods.

In turbines using air-cooled blades, that is, in air-cooled

turbines, higher turbine inlet temperatures and higher cycle

pressure ratios are dealt with thahnis the case in non-cooled

turbines. For this reason, the blades are required to have

various special properties. The most important ones are the

following. (1) Since it is necessary to introduce cooling

air inside the blades, the leading and trailing edges of the

blades will be thicker, and the blades as a whole will be

thick. (2) At the higher cycle temperatures, the optimum th

thermodynamic expansion ratio will increase. Therefore, in

order to eliminate as for as possible the necessity for cooling

after the second stage, it is necessary to increase the work

per stage. The deflection angles in the stator and rotor blades

are increased in order for this to be digested by the thick

turbine blades. (3) In most cases, the cooling air used for

* Numbers in the margin indicate pagination in the foreign text.



cooling the turbine blades is extracted from the intermediate

or final stages of the compressor. For this reason, the in-

creased amount of cooling air will increase the total loss

of the engine as a whole, and therefore the necessary amount

of cooling ai±r must be suppressed to the utmost minimum [1].

It is necessary to reduce the number of cooling blades for

this purpose. (4) Together with the increase in thetturbine

inlet pressure, the high-pressure turbine blades will becomen

smaller in size, and there will be a relative increase in the

declhe of the aerodynamic performance on account of the rotor

blade tip.clearance. (5) Not a very large twisting angle can

be obtained in the blades on account of problems connected

with fabrication of the cooling holes, etc. (6) On account

of escape and leakage of the cooling air from the blades or

the inner and outer walls, there occurs aerodynamical in-

terference between the cooling air and the main flow gas, and

the aerodynamical performance of the turbine is affected.

Thus, air-cooled blades, which are required to fulfill

conditions which ardequite different from those of the non-

cooled blades, must incorporate more compromises in the de-

sign than was the case in the conventional non-cooled blades

of the past, and there are also many difficult points in the

production. There have been a number of studies overseas

concerning turbines with such air-cooled blades [2-4], and

their performance properties have been investigated. Never-

theless, the various design problems caused by the foregoing

circumstances and the characteristics of the blades have not

been clarified to any great, degree, and the designing methods

themselves have not been established.

In view of these circumstances, our Prime Mover Depart-

ment is making studies of high-temperature air-cooled turbines

as part of its aeronautical engine research. In this report

we discuss the designing methods and the results of experiments

concerning the aerodynamic performance properties of the early
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air-cooled turbines. We first set up the fundamental policies

which are necessary in air-cooled turbines and describe a

method of designing under these policies in which the gg@ven-

tional designing methods of the past will be applied as far

as possible."Next we describe the results of experimental n

studies to determine whether air-cooled turbines designed in

this way display the anticipated aerodynamical overall per-

formance properties or not. Furthermore, some of the problems

at issue in this designing method are pointed out on the basis

of the results of measurements of the internal flow.

These experiments were conducted using unheated compressed

air with a turbine inlet temperature of about lb00C. The

experiments were performed without supplying air for cooling

the blades.

2. Design

-E ... - At the early stage of

research into high-tem-
TIP

21 2 perature turbines in the

- _ I Prime Mover Department

of this Laboratory, the

planning called for a

t'urbine inlet gas tem-

perature of 1,15000C. This

turbine had a single

stage, and the internal

:. ]a air-cooling system was

( 2) , ,adopted in both the

stator and the rotor
_. _ _ ,__, blades.

As for the sequence

Fig. 1. Inspection sections for of the aerodynamical de-
design calcu&ations and velocity signing, we first carriedsigning, we first carried
triangle symbols.

out performance calcula4
Key: i. Stator blade

22, Rotor ,lade tions one-dimensionally
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for several types of velocity triangles at the mean blade dia- /4'

meter; then the optimum on was selected from them. Next, we

performed two-dimensional calculations under the assumption

that the performance will be realized by the mean blade diameter

(MEAN) and determined the velocity triangle at the blade tip

(TIP), the mean blade diameter (MEAN), and blade (ROOT).

Finally, the profile and the blade arrangement were determined

on the basis of this velocity triangle-. In Fig. 1 are shown

the inspection section radius and velocity triangle symbols

for design calculations. In the designing at this time the

flow of cooling air was not taken into consideration in cal-

culation of the gas flow inside the turbine. In the following,

antoutline is given of this designing.

2.1. Calculation of Turbine Performance

Turbine performance calculations were performed for various

turbine revolution speeds, stator blade outflow angles, and

stator blade outflow Mach numbers, and those with great turbine

work and adiabatic efficiency were selected.

TABLE i. CHIEF DESIGN SPECIFICATIONS

5 - G 3.95 kg/sec

6 E Pt 25000 kg/m 2

7 & T- 1423.15 'K

8T 0.85

9 f - Z A1a-i 63.25 kcal/kg

!10 [ k N 13300 rpm
ill E ,r 366.7 m/sec

12 F _i 2.02

13 1 p , ~ V 727.5 m/sec

l14 Cr U/Vt 0.504

:15 5~ ~ PR, . 0.464

(Key for table 1 on next page)



Key for Table 1.

1. Item
2. Symbol
3. Design value
4. Unit
5. Gas flow rate
6. Inlet t6tal pressure
7. Inlet total temperature
8. Adiabatic efficiency
9. Adiabatic thermal head

10. Revolution speed
11. Peripheral velocity
12. Expansion ratio
13. Theoretical vlocity
14., Velocity ratio
15. Degree of reaction

The design hypotheses are as follows.

(1) It is assumed that thesbtbteo6fttheafir current in

the inspection sections is uniform in each section, and the

state of the air current is calculated one-dimensionally as

andadiabatic flow of a perfect gas at the mean blade diameter.

(2) The stator bidde velocity coefficient is assumed to

be, N = 0.97.
(3) The rotor blade total pressure loss coeffici(nttis

assumed to be YtR = 0.23.tR
(4) The specific heat ratio is assumed to be constaht i /5-

inside the turbine. The specific heat ratio corresponding

to the mean temperature offthe turbine inlet and outlet tem-

preatures is tak'en and calculated as K= 1.315.

(5) The effects of the cooling air on the main current

flow are ignored, and the amount of loss is taken into con-

sideration later on when calculating the turbine adiabatic

efficiency.

In Table 1 are shown the results of calculations obtained

under the above hypotheses (for details refer to Appendix A.1.).
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2.2. Calculation of the

TIP (r=279.3nr) Velocity Triangles
a2=72.0*

o M=03 3 6 , On the basis of the

J .=0.3465 several hypotheses given be-

ij2 = ,=0.5769 low, more detailed calcula-
-.2=0.5553 0.1637 0.13481=0.5769

1&= 0.7190 ---- 0. 7117tions were performed at the

TIP, the MEAN, adid the ROOT,
MEAN (r=263.3mm) o,=72.0"

based on the cycle values

., Iat MEAN determined in section
%L3-?0.3448 6 2.1, and the vLlocity triangles

0...260 ~, 3=0.5439-----, at each position were de-
'% )?2=0,52

6
0 0.2361 0. 1475

*o=0.7621 ;,=.691---4--I termined. In making these

ROOT ,r2.3mm 0 calculations, it was assumed

that the stator blade out-

flow angle was constant in

the radial direction. This

---- ,:3143 ,=5110 - A is so because when such
JL = 0.4 96 8 - .11-= 0 314 3 -0.1621

~.=0.81 11------ - .=3 = blades are adopted the stator

blades will have almost a

Fig. 2. Design velocity constant section in the blade

rtangles height direction, and fabrica-

tion of the internal cooling

holes will be easy. Consequently, such blades are suitable for

air-cooled blades.

The design hypotheses are as follows:

Hypotheses concerning the streamlines:

(1) The flow inside the turbine is constant. It is also /6<

an adiabatic flow and is treated as a perfect gas.

(2) The streamlines are parallel to the rotor blade axis,

and the velocity components in the radial direction are ignored

in each inspection section.

Hypotheses concerning the stator blades:

(3) The total temperature and total pressure at the stator

blade inlet are constaht in the radial direction.
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TABLE 2((a). RESULTS OF CALCULATIONS OF STATOR BLADE PROFILE

AND BLADE ARRANGEMENTS (TIP; r=277. 3 mm)

BLADE PROFILE NOZZLE (TIP)

C Bl Br
33. 600 -45. 000 6. 000 -71. 000

BLADE COORDINATES

ORIGINAL CAMBER LINE BLADE SURFACE

(X. Y CA-31 (X, Y) S. S (X. Y) P. S (X. Y)

Y Y X Y X Y
1 1. 45 2. 218 2.213 0. 154 2.152 2.371 2.273 - 2.063
2 2.463 2.860 3.628 0.144 3.754 3.002 3.501 - 2.713
3 3.655 3. 210 5.172 0.003 5.623 3.182 4.722 - 3.175
4 4. 878 3. 356 6. 620 0. 279 7.438 2.976 5. 801 - 3.534
5 6. 314 3.619 8. 160 - 0.769 9.469 2.605 6. 851 - 4. 143
6 7.902 3.677 9.694 - 1.481 11. 450 1. 750 7.937 - 4. 711
7 9. 825 3. 488 11. 355 - 2.540 13.420 0.270 9.290 - 5.350
8 11.872 3.239 12.933 - 3.857 15. 150 - 1.495 10. 716 - 6.219
9 14.056 3. 020 14. 444 - 5. 434 16. 725 - 3.455 12. 162 - 7. 414

10 16. 483 2. 597 15. 957 - 7.354 18.064 - 5.835 13. 850 - 8.873
11 18. SS2 2.276 17. 314 - 9.389 19. 249 - 8.191 15. 379 -10.588
12 21.510 1.999 18.673 -11.746 20.433 -10.798 16.913 -12.694
13 2-.241 1. 693 19.970 -- 14.312 21.499 -13.585 18.442 -15.039
14 27. 113 1.343 21. 228 -17. 115 22.464 -16. 590 19.992 -17.640
15 30. 199 0. 948 22. 480 -20.228 23. 366 -19. 890 21. 594 -20. 566
16 33. 147 0.525 23. 594 -23.283 24. 090 -23. 110 23.098 -23.456

CAMEER LINE aZ3=-0.00142 a2=-0.01288 a 1=0.10510

THROAT POSITION THROAT ARCCOS
n S S, C LENGTH

P. S (X, Y) S. S X., Y) O O/S

7 24. 540 0.730 23.098 -23. 456 16. 459 -27.548 7. 798 71. 471
72 24. 199 0. 720 23.098 -23. 456 16. 593 -27.414 7. 615 71. 659
73 23. 868 0. 710 23. 098 -23. 456 16.715 -27. 293 7.448 71.818
74 23. 545 0. 701 23. 098 -23. 456 16. 835 -27. 174 7.284 71. 980

\ 75 23.231 0.691 23.098 '23. 456 16. 965 -27.054 7. 111 72.175

(4) The total pressure loss of the stator blades is cons-

tant in the radial direction.

(5) The absolut6 outflow angle of the stator blade is

constant in the radial direction.

(6) At the stator blade outlet, the flow satisfies the

conditional equation for simple radial balance.

Hypotheses concerning the rotor blades:

7



TABLE 2 (b). RESULTS OF CALCULATIONS OF STATOR BLADE PROFILE

AND BLADE ARRANGEMENT (MEAN; r=261.3 mm)

S2 (b) .O 2 - © x (MEAN; r=261.3mm)

BLADE PROFILE NOZZLE (MEAN)

C 1 BL BT
31.700 -45.000 8.000 -71.000

BLADE COORDINATES

ORIGINAL CAMBER LINE BLADE SURFACE

(X, Y*) CAM (Y, X) S.S (X. Y) P.S (N, Y')

i X Y X Y X Y X X
1 1. 326 2.092 2. 082 0. 206 1.976 2.295 2. 188 - 1.883
2 2. 279 2. 698 3. 445 0. 222 3. 524 2. 919 3. 366 - 2.474
3 3. 405 3. 028 4. 919 0. 104 5. 324 3. 104 4. 513 - 2.897
4 4. 561 3. 166 6. 290 - 0. 159 7. 062 2. 911 5. 518 - 3. 230
5 5. 917 3. 413 7.743 - 0.625 8. 992 2.551 6. 494 . - 3. 802
6 7. 417 3. 468 9. 185 - 1.305 10. 863 1. 730 7. 506 - 4.340
7 9. 235 3. 269 10. 744 - 2. 316 12. 713 0. 319 8. 775 - 4. 951
8 11. 169 3. 055 12. 225 - 3.571 14. 331 - 1.358 10. 118 - 5. 784
9 13. 233 2. 849 13. 643 - 5. 071 15. 806 - 3.217 11. 479 - 6.925

10 15. 526 2. 450 15. 064 - 6.894 17. 058 - 5. 470 13. 070 - 8.317
11 17. 793 2. 147 16. 310 - 8.824 18.169 -- 7.699 14. 511 - 9.948
12 20. 276 1. 886 17. 619 -11. 056 19. 28i -10. 165 15. 957 -11. 946
13 22. 857 1. 597 18. 840 - 13.485 20. 283 -12. 801 17. 397 -14. 168
14 25. 570 1. 2i;6 20. 026 -16. 135 21. 192 -15. 642 18. 860 -16.629
15 28. 487 0. 895 21. 208 - 19. 079 22. 043 -18.760 20. 372 - 19. 397
16 31. 272 0. 495 22. 259 - 21. 966 22. 727 - 21 802 21. 792 - 22. 129

CAMBER LINE a =-0.00152 a=,--0.01681 a1=0. 14054

THROAT POSITION THROAT
n S S/C LENGTH ARCCOS

P. S (X, Y) S. S (X. Y) O O/S

@ 23.124 0. 729 21. 792 -22. 129 15. 551 -25. 922 7. 303 71.589
72 22. 803 0. 719 21. 792 -22.129 15. 680 -25. 795 7. 127 71. 788
73 22. 490 0. 709 21. 792 -22. 129 15. 793 --25. 65 6. 974 '1. 937
74 22. 186 0.700 21. 792 -22. 129 15. 904 - 25. 577 6. 823 72. 088
75 21.891 0.691 21. 792 -22. 129 16. 022 -25. 470 6. 667 72. 268

(7) The distribution of the rotor blade work (thermal

head) is constant in the radial direction.

(8) The rotor blade adiabatic efficiency is constaLt in

the radial direction.

(9) At the rotor blade outlet, the flow satisfies the

conditional equation for simple radiil balance.

In Fig. 2 are shown the results of calculations obtained

under the above hypotheses (for details refer to Appendix A.2).

2.3.

2.3. Determining the Profile 'and the Blade Arrangement of Air-

Cooled Blades

8



TABLE 2 (c). RESULTS OF CALCULATIONS OF STATOR BLADE PROFILE

AND BLADE ARRANGEMENTS (ROOT; r=245.3 mm)

BLADE PROFILE NOZZLE (ROOT)

C I JL LT

29.800 -45.000 8.000 -71.000

BLADE COORDINATES

ORIGINAL CAMBER LINE BLADE SURFACE

(X*. Y ) CAM (X. Y) S. S (X. Y) P. S (X, Y)

i X Y X Y X Y X Y
1 1.247 1.967 1.957 0.194 1.858 2.158 2.057 - 1.771.

2 2. 142 2. 536 3. 239 0. 209 3.314 2. 744 3. 164 - 2. 326

3 3.201 2.847 4.624 0.097 5.005 2.919 4.243 - 2.724

4 4.287 2.976 5.913 - 0.150 6. 639 2. 737 5. 188 - 3.037

5 5.563 3. 209 7.279 - 0.588 8.453 2.399 6.104 , - 3.575
6 6. 973 3.261 8.634 - 1.227 10.212 1.627 7.056 - 4.081

7 8.682 3.093 10. 100 - 2.177 11.952 0. 300 8.249 - 4.655

8 10.500 2.873 11.492 - 3.357 13.473 - 1.277 9.511 - 5.438
9 12, 440 2. 679 12.825 - 4. 768 14. 859 - 3.024 10. 791 - 6.511

10 14. 596 2. 304 14. 161 - 6.481 16.036 - 5.142 12. 286 -- 7.819
11 16.727 2.019 15. 361 - 8.295 17. 081 - 7.238 13. 641 - 9.352
12 19. 061 1.773 16. 563 -10. 393 18. 126 - 9.556 15. 000 -11. 230
13 21.488 1.501 17.711 -12.677 19.068 -12. 034 16.355 -13.319
14 24.038 1. 191 18.826 -15.169 19.922 -14.704 17. 730 -15. 633
15 26.780 0.841 19. 937 -17.936 20. 723 -17.636 19. 151 -18.235
16 29.398 0.466 20.925 -20.649 21. 365 -20.496 20. 486 -20. 803

CAMBER LINE a 3= -0.00172 a2= -0. 01789 a 1=0. 14054

THROAT POSITION THROAT
S S/C - LENGTH ARCCOS

P. S (X, Y) S. S (X, Y) O O/S

@ 21. 708 0.728 20.486 -20.803 14.628 -24.358 6. 852 71.600
72 21.406 0. 718 20.486 -20.803 14. 738 -24.247 6. 701 71.759
73 21. 113 0.708 20.486 -20.803 14.851 -- 24. 139 6. 548 71. 932
74 20.828 0. 699 20. 486 -20. 803 14. 974 -24. 026 6. 385 72. 147
75 20. 550 0.690 20. 486 -20. 803 15. 070 -23. 935 6. 256 72.275

Since the blades are air-cooled blades, in determining /7'>

the profiles for both the stator blades and the rotor blades,

the following items were taken as the fundamental policies

(for details refer to Appendix A.3).

(1) The aforementioned velocity triangle shall be satisfied..

(2) The number of blades shall be decreased as far as

possible so that it will be possible to do with the minimum

necessary amount of cooling air.

9



(3) Since cooling air is passed through the interior of

the blades, the leading and trailing edges of the blades will

be made thicker thahnin ordinary non-cooled biddes in view of

the fabrication of the cooling holes.

(4) The leading and trailing edges of the blades at each

section shall be passed through in a straight line with respect

to the blade span direction on account of the fabrication of

the cooling holes.

(5) The cooled blades shall have a construction in which

there will be a low external heat transfer ratio and a high

internal heat transfer ratio.

In Table 2 (a) - (c) are shown the results of calculations

of the stator blade profiles and blade arrangements obtained

under the above fundamental policies. These results for the

profiles and blade arrangements were plotted with an X-Y

plotter, and an example of this (MEAN) is shown in Fig. 3.

The chief dimensions of the blades are organized in Table 3.

Here, since during manufacturing of the blades the leading

edge diameter of the blades (dT) and the trailing edge thickness

(dL)Zwere finally assumed to be constantiin the blade span

direction and were given values of 4 mm and 2 mm, respectively,

they differ slightly from the computer results shown in Table

5.
The coordinaths of the rotor blade profiles and blade

arrangements are shbwn in Table 4, and th6 chief dimensions

of the blades are shown in Table 5.

The arrangements of the stator and rotor blades at the

mean blade diameters are shown in Fig. 4.



3. Experiments

3.1. Experimental Equipment

and Measuring Equipment

x An outline of the experi-

mental equipment is shown in Fig.

5.
The measuring equipment

is as follows.

The turbine air flow rate /10

nm ) \was measured by means of the
75

\4 JIS standard disk type orifice.

72 The turbine axial torque

was measured by means of an

automatic Ward-Leonard type

1,600 kW D.C. electric dynamo-

meter. The turbine revolution

speed was measured by means of

the magnetic pulses from the

Omr , reduction gear (reduction ratio

21 . 2(b) MEAN (r=261.3mm) ORS) 1:12.984) mounted on the

dynamometer axis.
Fig. 3. Stator blade arrange-
ments by X-Y plotter (MEAN) The gaseous states were

Key: measured before and after the
1. n (number of blades)
2. Note: Refer to Table 2 turbine. The gas temperature

(b), calculations of MEAN was measured by means of a CA
(r = 261.3 mm) thermocouple thermometer [5, 61,

and the total pressure, static prdssure, Mach number, and

angles were measured by means of three-hole yaw meters[7]. Thh

sensors for measuring these gaseous states were fastened be-

fore the turbine at definite positions, and after the turbine

they were arranged so that they would be able to tra'verse in

the radial diredtion.

The types of these measuring instruments and the measuring

11



positions are shown in Table 6 and Fig. 6. Photographs of the

main parts of the measuring instruments aid of the. driving part

of the motor-driven traversing device are shown in Fig. 7.

TABLE 3. CHIEF DIMENSIONS OF STATOR BLADES

TIP MEAN ROOT
n=-1 (r= 277.3 mm) (r=261.3 mm) ;r= 245.3 mm)

/LJ 4mm) 4.00 4.00 4.00 - 2 3
CdL ( Y ~im) (2.21, 0. 15) (2. 08. 0. 21) (1. 96, 0. 19)

dr mm) 1. 00 1. 00 1. 00 -

dr (X. I mm) (23.59. -23.28) (22.26. -21. 97) 20. 93,-20. 65)

dmax \mm) 7. 36 6. 94 6. 52

dmna X. Y ' nimm (9. 69. -1. 48) (9. 19. -1. 31) (S. 63, -1. 23)

C ,mm) 33.60 31.70 29.80

S \nnm ) 24. 540 23. 124 21.708

0 7,) 7. 79S 7.303 6. 852

BL deg.) 6.00 8.00 8.00

Br deg.) 71.00 71,00 71.00

deg.) 45.00 .15.00 45.00

7 3 ( i=16 )

Key:

1. nF71 blddes
2. Note 1
3. Nope 2
4. Note 3
5. Note 1. r is 2 mm less than when the velocity triangles

were calculated
6. Note 2. Value during manufacturing (for the values during

calculation refer to i=l in Table 2)
7. Note 3. Value during manufacturing (for values during

calculation refer to i=16 in Table 2).

The measuring and processing system used in the experimen

ments is shown in Fig. 8 [81. These experiments were planned

so that it would be possible to use computers to make the

measurements and record the results automatically within a

short time.

12



TABLE 4. COORDINATES OF ROTOR BLADE PROFILE AND BLADE

ARRANGEMENTS

//B

doo Xo

(r=279.3 mm) (r=263.3 mm) (r=247.3 mm)x Y1 j 1 ,

(mm) (mm) (mm) (mm) (mm) (mm) (mm)

0.00 0.00 -1.20 0.00 -0.55 0.00 -1.90
1.00 0. 33 -2.48 0.20 -3.00 0. 08 - 3.57
2.00 -0.20 -3.60 -0.49 -4.25 -0.85 -5.00
3.00 -0.67 -4.45 -- 1.13 -5.25 -1.68 -6.15
4.00 -1.00 -5.07 -1.60 -6.00 -2.30 -6.98
5.00 -1.17 -- 5.45 -1.95 -6.45 -2.75 -7.60
6.00 -1.23 -5.60 -2.12 -6.75 -3.05 -7.95
7. 00 -1.14 -5.53 -2.12 -- 6.80 -- 3. 22 -8. 13
8.00 -0.83 -5.29 -1.98 -6.70 -3.20 -8.15
9.00 -- 0.35 -4.80 -1.68 -- 6.40 -3.03 -7.95

10.00 0.29 -4.14 -1.20 -5.93 -2.72 -7.58
11.00 1.05 -3.26 -0.65 -5.20 -2.27 -7.00

12.00 2.00 -- 2.15 0.13 -4.45 -1.60 -6.15
13.00 3.10 -1.00 1.05 -3.20 -0.75 -5.15

15.00 5.31 2.30 3.25 -0.10 1.25 -2.30
16.00 6.50 4.15 4.45 1.75 2.40 -0.50
17.00 - 6.30 -- 3.70 1.30

Key:

I; Center

13



TABEE 5. CHIEF DIMENSIONS OF ROTOR BLADES

n 136 4 TIP MEAN ROOT1 (r=279.3 rmm) (r=263.3 mm) (r=247. 3 mm)

dLz  
(mm; 2. 00 2. 00 2. 00

dL '. C) (mm) (0. 75 -0. 65) (0. 65 -0. 75) (0. 57. -0. 85)

dr (mm) 1.00 1.00 1.00
dr X Y) (mm) (16.50, 6.33) (16. 92. 5.75) (17. 35. 3.25,

d'rax9 (mm) 4. 35 4.63 4. 92
dc-ax (,. Y) (mm) (6.45, -3. 45) (7.3.-4.45) (7.6 -5.70)

C (mm) 18.05 18.00 18.00
S (mm) 12. 904 12. 164 11. 425
O (mm) 5.75 5. 15 4. 76

BL (deg.) 41.0 19.8 55. 8
Br (deg.) 64.5 63.5 62.5

(deg.) 22.5 17.2 11.7

Key:

1. n=136 blades

3.2. Experimental Methods

In these experiments, the turbine expansion ratio and

revolution speeds were adjusted to conform with the target

values. The expansion ratio of the experimental target was

1.4 - 2.1 with intervals eof about 0.2, and the revolution sp

speeds were 70 - 110% of the design value with intervals of

about 10%. The measurements were performed by means of two

thermometers and two pressure meters at the turbine outlet;

traversing measurements were performed in the radial direction.

Before these experiments it was ascertained that the tempera-

tures and pressures at the turbine inlet are uniform in the

radial direction and in the circumferential direction.

In cases when relatively low-temperature air is used, as

in these experiments, drops of water are frequently attached

to the sensors inserted inside the turbines. In order to

14



.1 2

r=261.3mm r=-263.3mm

3 nIRiEL (dL/C) 1 0.126 0.111

4 'r a (d/0d,3C 2 _ 0.032 0.056

5 _WaSz_~_c_ ..IC), 0.22 0.265 ";c5- (C/S)| 1.37 1.48
6 77 7 Ft(h/C)1 1.03 I 1.86

7 11EA N I : Z -B W AB <

1f---16.7mm

Fig. 4. Stator blades and blade arrangements (MEAN)

Key:

1. Stator blddes
2. Rotor blades
3. Leading edge diameter ratio
4. Trailing edge thickness ratio
5. Maximum blade thickness ratio
6. Solidipy
7. Aspect ratio
8. Blade dimensionless values at MEAN

prevent this, it was necessary to adjust the turbine expansion /l

ratio and the revolution speed while paying careful attention

to make sure that the turbine outlet temperature would not drop

below the dew point temperatute of that day even once while

the experimental points were being set. In this way, traversing

measurements were commenced in a state at which the turbine

inlet temperature would be more or less stable at about 90-

110 0 C. In cases when traversing measurements were performed

at five points, the time required for one experimental point

was approximately ten minutes.

3.3. Methods of Analyzing the Experiments

15



The turbine flow

rate G (kg/sec) was

2 3 calculated by means

1 -- I:8 of the orifice flow

rate formula (refer

to item 9 in biblio-

E graphy).

The turbine torque

T (kg-m) was sought

by means of the follow-

" -i---9 ing formula from the

5 6,! dynamometer load WT

(kg) and the arm

S length of the dynamo-

Fig. 5. Main unit of testing device meter 1 (m).
for aerodynamic performance.

Key:' T = 1.WT

I. Inet~Ibellmeuth
2. Statoriblade
3. Rotor blade The turbine
4. Disk so
5. Strut specific output AHT
6. Shroud (kcal/kg) was calculated

by the following formula from the flow rate G (kg/sec),'the

torque T (kg.m), and the turbine revolution speed N (rpm).

The turbine expansion ratio T was sought by the following

formula as the ratio [illegible].

Here, Ptl is the mean total pressure before the stator

blade; we used the [illegible] of the total pressure measured

at the center of the flow channel [illegible] two Fitot tubes

before the stator blade (3Pt - 1 and [illegible]. Pt3 is

the mean total pressure after the rotor bld'e; [illegible]

the radial direction by means of [illegible] two of the Pitot

16



tubes after the [illegible].. The mathematical mean [illegible]

of a total of ten points measured [illegible].

The [illegible adiabatic efficiency lT was calculatedd

as one of the adiabatic efficiencies of the turbine.

AHr

Cp Tti(lI j

The following correction values taking into considerations

the differences [illegible] design and during experiment [el

[illegible] in order to compare [illegible] the above experi-

mental values and the design values . . . . turbine inlet

gas state and turbine [illegible] on the basis of the critical

velocity calculated from [illegible] is a method of determin-

ing approximately the condition [illegible] (Refer to [illegible].

Flow rate G Corrected flow rate

Revolution speed N Corrected revolution speed 'NIJB ,

Specific output AHT Corrected specific output ,_1ir'

Torque T eorrected torque

Expansion ratio wT Corrected expansion ratio

Here,~ and are correction coefficients and

are expressed by the following formulas.

I h3a '.I1t I-

17



TABEEE6. TYPES OF MEASURING DEVICES (REFER TO FIG. 6)

2-

3P 1i-1 A 3 f 5 3 L -a
3Pt1 -2 A 5 6, , 8

Pi.-1 B 1 p l LE Y 7

PwL-2 B 6 9
T,-1 B 2 CA M .E;i flCA 0
Ti-2 B 4 (RF=1. 0) 10

3Pt'-1 C 9 ,, 5 TL 1: -W )r f TL (

3Pt3-2 C 11 ,,

3- D 7 - k F 7 ,
Pzc3-2 D 12 -

T3 -1 D 8 F TH t CA V t IEf ;R PT

T,-2 D 10 (RF 0. 7-0. 82)

7Pts-R E 13 - I < L 7 L -
3PI3-R F 14 E, F 3 TL b -

15 UZE 7

Key:

1. Appellations
2. Measuring positions in axial direction*
3. Measuring positions in circumferential direction*
4. Traversing direction
5. Type-form, etc.
6. Radial direction
7. Radial direction
8, Radial, circumferential directions
8. Three holes in a five-hole Pitot tube are used [7]
9. Outer wall static pressure taps

10. Damming type CA thermocouple thermometer [5]
11. Inner holes of a five-hole Pitot tube are used [7]
12. Outer wall static pressure taps
13. Tip exposed type CA thermocouple thermometer
14. Circumferential direction comb type seven-hole Pitot

tube, Three-hole Pitot tube
15. * Refer to Fig. 6.

18



1 2 F

- ii , 27.5
' , xi 23.0
SC x 16.5

D x, 21.0

m-l m i 1.

2 11 22 14 1

Key:

1. Stator blade
2. Rotor blade
3. (a) Positions in axial direction
4. (b) Positions in circumferential direction (view at I

arrow)
5. Distance from blade end (mm)

is.faced in the axial direction
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L---J
0 1cm 0 1cm

a J '-W (3P, -1, (d) -tt t CAAklt
3P -2, 3P,-1,3P3-2 ;i (T -1, T-2

0 lem 0 1cm
(b f'3 Jre) 7JL -- e) tr CAPtJ

7P -R ,MfW, t (-., - - 2)

0 lcm
34 -7 { 31 IR

Fig. 7. Photographs of main parts of measuring instruments
and of driving parts of motor-driven type traversing device

(Key on following page)
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Key for Fig. 7.

(a) Five-hole Pitot tube
(b) Circumferential direction comb type seven-hole Pitot tube
(c) Three-hole Pitot tube
(d) Damming type CA thermocouple thermometer
(e) Tip exposed type CA thermocouple thermometer
(f) Driving parts of motor-driven type traversing device

The suffix st indicates the standard state.!The following

values were adopted here as the standard values:

Tt st= 288.2 0 K /14

P t,st=110332 kg/m
2

Rst = 29.27 kg'm/OK'kg

Kst = 1.401

Tbeuse these corrected values signifies that the design

values and the experimental values will always be corrected

to , the values at the standard state and compared. In

Table 7 are shown the various disign values and their corrected

values. In finding these corrected values]; it was assumed

that the mean specific heat ratio inside the turbine was

1.31 (refer to the value of No. 51 in Appendix Table 2) and

that the gas constant was 29.27 kg.m/ .kg.

3.4. Experimental Results

(a) Flow R&te Characteristics (Fig. 9)

According to Fig. 9, the corrected flow rate is 3.98

kg/sec at the design corrected revolution speed and the design

corrected expansion ratio (2.09). The differences in these

flow rate curves caused by the revolution speed indicate that

the flow rate is governed by the rotor blade. Furthermore,

this turbine is choked by the rotor blade, and the expansion

ratio at which it is believed that there is choking at all

the revolution speeds in the experiment is about 2.3.

21



(b) Torque Characteristics (Fig. 10)

Concerning the flow rate, it is believed that choking

will be caused by a corrected expansion ratio of about 2.3,

as was mentioned above. As for the torque, however, a

tendency towards increase still continues to be displayed even

after this expansion ratio is exceeded. It always increases

together with the expansion ratio at all the revolution speeds

in the experiment. Thus, in this turbine, there is seen no

torque limit (limiting loading) within the range of the ex-

periments. Furthermore, the corrected torque in the experi-

ments is 30.2 kg.m at the design corrected revolution speed

and the design corrected expansion ratio. This is a value

approximately 8.2% greater than the design value.

(c) Map of Overall Performance (Fig. 11)

In Fig. 11 is shown a map of the overall performance

compiled from the flow rate characteristics in Fig. 9 and

from the torque characteristics in Fig. 10. Here the corrected

specific output JaHT/0cr is plotted on the ordinate, and the

corrected flow rate revolution speed parameter (corrected

flow rate x corrected revolution speed) {:GN7flis plotted on

the abscissa. The results are plotted in terms of equal

corrected revolution speed lines, equal corrected expansion

ratio lines, and equal adiabatic efficiency lines. According

to this, the adiabatic efficiency nt is 6.7 - 0.865 within

the range of the experiments. The maximum adiabatic efficiency

is obtained in the vicinity of a rcorrected revolution speed

of 90% and of a corrected expansion ratio of 1.72. Its

value is 0.865.

The D point, that is, the point of the design corrected

revolution speed and the design corrected expansion ratio,

was shown by the 0 mark. The corrected specific output obtained

at this time is 11.22 kcal/kg, and the adiabatic efficiency

is 0.856.

(d) Absolute Outflow Angle of Rotor Blade (Fig. 12)
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..... According to the results /16
1 2

; of measurements of the absolute

3 ; outflow angles from the rotor

blade by means of the four Pitot

tubes installed in the circum-

ferential direction at the rotor

IN, blade outlet, there are almost

no differences in the measuring

x angles of the four Pitot tubes

-- b _.at the center of the channel,

and it is thought that one may

regard the absolute outflow

1- -angles in the circumferential

direction as being more or less

- 0 uniform at this position. For

Sthis reason, it was decided to

i- - - select the outflow angle at the

Fig. 8. Measuring-processing center of the channel as the
system value representing the absolute

Key: outflow angles at the rotor blade

1. Control panel of travera- .putlets. It is clear from this
ing'device

2. Dynamometer panel figure that the rotor blade ab-

3. Turbine part solute outflow angle is 21.50
4. EB4ctric dynamometer5. Pressure converter at the design corrected revolu-
5. Pressure converter
6. Scanner tion speed and the design correct-
7. A-D converter
8. Interface ed expansion natio. This is 1.80
9. Computer smaller than the design value

10. Frequency counter
11. Typewriter at the mean blade diameter.

As Will be mentioned below,

this is the result of the fact thattthe deflection angle of

the rotor blade has decreased.

(e) Rotor Blade Absolute Outflow Mach Number (Fig. 13)

According to the experiments, the absolute outflow Mach

number at the rotor blade outlet had a distribution in the
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TABLE 7. DESIGN VALUES AND THEIR CORRECTED VALUES (K des= 1.31)

1 -11 / 1211' fA fr iE fl f 3

5 P,,i I' (kg/m') 25000 10332

6 ill J JlT (kcal/kg) 53.8 11.2

7 i i: (; (kg/sec) 3.95 3. 71

8 IM 'i) N (rpm) 13300 6071

9 @1 J t T 2. 02 2. 09

Key:

1. Design items
2. Design values
3. Corrected values
4. Inlet total temperature
5. Inlet total pressure
6. Specific output
7. Flow rate
8. Revolution speed
9. Expansion ratio

4.1 -- - -
radial direction, but at the

-4.0 center of the channel it could

be regarded as being more or

3.9t- • " less uniform in the circum-

3.S ferential direction, just like

1 ').',IlJL the rotor blade absolute out-

69.3 % flow angle. Here are shown
- 78.8

3.6s.o " the rotor blade absolute out-
98.2

S10o8. flow Mach numbers at the center

S, . of the channel. It is clear
1.4 1.6 1.8 2.0 2.2

,t -from this figure that the
3

rotor blade absolute outflow

Fig. 9. Flow rate Mach number at the design

corrected revolution speed

and the design corrected ex-

(key to Fig. 9 on next page)
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Key to Fig. 9.

1. Corrected flow rate
2. Ratio of experimental corrected revolution speed to design

corrected revolution speed
3. Corrected expansion ratio

pansion ratio is 0.375. This value agrees well with the design

value.

(f) Velocity Triangle (Fig.'124)

/40

(u;8;/ des/ 69.3 %

I 40

78.8
1.4 1.6 1.8 2.0 2.2

2 -21. o

10. Trque characteristics

30

2.0g

---- 84 1
, 9 -10.

0 ,I 0 / 103S.0

_ T / /'o 2/ / ,

4 2 14.82 .. 1 . 20 . 4

SJ / - / 0 .8

// 0.86 // i 1 R l 69.3

I - .-. 89.0

Ii 9S.

14 1.8 2.0 16 128 24 2.6 2.8

1.4 1.6 1.8 2.0 2.2 2,4 2.6 2.88

Fig. 11. Map of overall performance

(Keys on following page)
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Key to Fig. 10.

1. Corrected torque
2. Corrected expansion

Key to Fig. 11.

1. Corrected specific output
2. Point D

(design corrected revolution speed)
(design corrected expansion ratio)

3. Corrected flow rate revolution speed parameter

K i to Fig. 12

1. Rotor blade absolute outflow
2. Corrected expansion ratio

- - - - - -

M/ / D_/)des 3 0.8013 0.785
= .69.3 %1 --- 313 0. 3750 0.375

89.0 -1 120. 3421 0. 338
.8.- -- -2 , 0.7726 0.766

Sl O. 2476 0. 257

1.2 1.4 1.6 1.8 2.0 2.2 2.4 a3 0. 3448 0. 349

2 . L , I 2 0. 5260 0. 521

3ua3 0. 5439 0. 545

Fig. 13. Rotor blade70absolute 0.7621 0.742

outflow Mach number (MEAN) M3, 0.1475 0.137
0.2361 0. 221

Key: al,, 0. 6914 0. 682

a 72.0 70.9
I. Rotor blade absolute out-3.2 21.5

flow Mach number 3 23.6 21.5
2 43.6 40.7

2. Corrected expansion 6atio (deg) 3.5 62.9

Fig. 14. Comparison of Velocity
triang(e .(comparison with design)

1. Design 5. Experimental
2. Experiment value
3. Symbol 6. Mach number
4. Design value 7. Angle (deg)
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Using the experimental results obtained as described above,

we sought the velocity triangle at the point of the design /18

corrected revolution speed and the design corrected expansion

ratio. That is, we calculated the velocity triangles at the

stator blade outlet and the rotor blade outlet using the ex-

perimental values of the flow rate and specific output at

this point, of the rotor blade absolute outflow angle at the

MEAN position, and of the rotor blade absolute outflow Mad'h

number, as well as the annulus area at the stator blade outlet

and the total pressure loss coefficient of the stator blades.

The only hypothesis in these calculations was that it was

assumed that the total pressure loss coefficient of the stator

blades (YtN) was 0.08 7 4. This value consists of the profile

loss obtained by means of blade cascade experiments to which

the secondary flow loss calculated in accordance with item

[10] in the bibliography was added. Let us add that, even

though this hypothetical value may be somewhat different from

the actual value, there are not very great differences in the

velocity triangles which are obtained.

In Fig. 14, the experimental velocity triangles obtained

in this way are shbwn in comparison with the design velocity

triangles at the mean blade diameter. According to this

figure, the outflow angle of the stator blade is abbut 1.10

smaller than the design outflow angle, and this indicates

that the flow has risen to this extent in the axial direction.'

In this manner, in the stator blades, the flow cannot be

curved as much as was anticipated (decrease of the deflection

angle), while at the same time, there is also a decrease in

the expansion ratio inside the stator blades (under-expanding),

as is clear from the absolute outflow Mach number. On the

other hand, it is clear that the deflection angle of the rotor

blade has also decreased about 3.50 from the design value.

(g) Internal Flow (Fig. 15)

The internal flow at the rotor blade outlet was measured
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2IP

i,2-1 f / at approximately the design

S 3P!-2 corrected revolution speed and

the design corrected expansion

00 1.10 1. 2.0 2.1 2 ratio. The results of the measure-

S3. r ,iP,3(kg/m2) ments are shown in Fig. 15.

,1T=.8P The distribution of the

Iti-.- 2 rotor blade outlet total pressure

Pt3 plotted exactly the total

RII OT pressure distribution as travers-
5 0.8 1.0 1 1.20 1.2 ed by the two Bitot tubes in-

5 t6 T T,

TIP stalled in the circumferential

i 2, direction. As is shown in this

example, the measured values

" .1 . "are not uniform in the circum-

0.2 0.4 0.6 0.8 OT ferential direction, but there

m , is a certain amount of distribu-

1n
p  tion. In the following let us

2 express the distribution in the

radial direction in terms of

these local mean values (the
OOT

s56 60 64 68 72 mathematical mean values of

the measured values at the ,

identical blade height). It is

2- clear from a glance at Fig. 15 /17'

that the measured values all

0.8 1.0 1.2 1 4 ROOT differ considerably in the

10 I1 L P, radial direction.

As is seen in the distribu-

@ , -=-.o, (N' )/ , / /-,-,)=de=.- 9s) - tion of the expansion ratio and

Fig. 15. Internal flow the total temperature ratio,

Key: there is a greater drop in the

1. Appellation of Pitot tube total pressurenear the walls
2. Design value than there is in the vicinity
3. Rotor blade outlet total

pressure of the center of the channel.

,(-Key cont'd.'on next page.)
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Key to Fig. 15,continued:

4. Expansion ratio
5. Adiabatic temperature efficiency
6. Total temperature ratio.
7. Absolute outflow Mach number
8. Relative outflow Mach number
9. Relative outflow angle

10. Flow rate ratio

However, there is a small thermal head, as is seen in the

distribution of the total temperature ratio. Consequently,

the adiabatic temperature efficiency also is quite low near

the walls. The mass flow rate mean value of this efficiency

(as is shown in the flow rate ratio distribution, the flow rate

differs considerably in the radial direction; therefore, the

value was averaged by applying the weight of the f~ow local

efficiency in the radial direction) is 0.877. This value in

itself satisfies the design specifications, but one should

note carefully that there are local values which differ con-

siderably from the design value.

On the other hand, in the distribution of the blade out-

flow Mach numbers, it is indicated that the flow velocity is

slow near the walls. Furthermore, the distribution of the

relative outflow angles also has some complex shapes which are

seen nowhere else.

The distribution in the radial direction of the flow r-te

per unit area was also calculated using the above local values

of the measured values. It was shown in terms of the flow rate

ratio with respect to the mean flow rate per unit area. It is

clear from this that there are big differences in the flow rate

in the radial direction and that it is quite small in the vicinity

of both walls. If this fact as well as the total temperature

atio distribution above are taken into consideration, it is

clear that the amount of work also is quite small at the blade

tip part and the blade root part as compared with the vicinity

of the mean blade diameter.
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z 0'3 3.5. Studies and Dis:cussion of
, 2x10 the Experimental Results

11 .In these experiments, a

.,< quite good turbine adiabatic

9 / efficiency was obtained through-

S out almost all regions of the

/'/ / ' experiments. In these experiments,

6 the mean Reynolds number in the

L // / /A turbine at the design corrected

/ revolution speed and the corrected
s % 9,00 expansion ratio (using the

4 Reynolds' number as defined in

3 . item [10] in the bibliography)
1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

4 wasii7 e-,GN/(kg.rpm/sec) x1 - w approximately 4.3 x 105

Fig. 16. Map of overall On the otherehand, the number

performance by calculations at the design conditions was
[10] approximately 1.1 x 105. There-
Key: fore, it is assumed that, because
1. Corrected specific out- of these differences in the

put
2. Flow rate choke line Reynolds :numbers, at the design
3. Point D3. Po(design corrected D operating conditions there will

(design corrected
revolution speed) be a decrease of about 2-3% from

4,, (design corrected
expansion ratio) the adiabatic efficiency of these

4. Corrected flow rate re- experiments. These design
volution speed p
parameter operating conditions were ad-

justed to the operating conditions

1 Concerni gjthe effects of "the Reynolds umber oa the turbine
efficiency, various formulas, most ofthem.emprgical formulas,-
have been proposed. Although-there are some differences between
these formulas, when the.Reynolds' numbedr s less .than 2xl05.
its influence.on the efficiency may generally be-expressed in
terms of the law of approximately -0.2.,power of the Reynolds-

.number. -As, the.Reynolds. number becomes greater,its in-
fluence becomes less, and when the value is approximately
1.0-. 10 it is believed that its influence is..entirely
negligible.. --
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of high-temperature tests

using actual model turbines [11i

.O which were performed separately

-- -- at our Prime Mover Department.

J--3 In this case, since the pres-

1 surecand temperature at the

------ - 2 turbine inlets are considerably

3 4 5 less uniform than in these

M.1 0.778 0.785 experiments, it is believed
313 0.377 0.375 that there is some furtherer,

6 Mr_ 0.333 0. 338
iMrI3 0.760 0.766 decrease in the efficiency
-a2. 0.251 0.257 [10]. In view of these facts,
S 3a3 0.353 0. 349

M , 0.517 0.521 when operated at the design
a 0.540 o o0.545 conditions, it is assumed

al., 0.737 0.742

0.133 0.137 that the adiabatic efficiency
2,,, 0.220 0.221 of this turbine will be /18
,3rU 0. 673 0.682

71.2 70.9 approximately 82-83%. How-

a7 20.6' 21.5 ever, when this highhtempera-
41. 40.7

(deg) 41.2 40.7 ture turbine is actually a
V) 62.3 62.9

adopted in an airplane, the

Fig. 17. Comparison of turbine inlet total pressure
velocity trianghe (comparisonvelociy triang (comparison will not be as low as that in
with calculations)[10]
Key: these design conditions, but

1. Calculation will have a value several

2. Experiment times greater or even more.
3. Symbol Therefore, the mean Reynolds'
4. Calculated values

5. Experimental values number inside the turbine
6. Mach number will also increase together
7. Angle

with it, and it is believed

that it will be approximately

the same as, or even larger thant,rthe Reynolds J number in

these experiments. Thus, even when one keeps in mind the

lack of uniformity of the gaseous states at the turbine inlet,

it is believed that, in the actual engines, the required
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efficiency of 85% will be satisfied.

On the other hand, the turbine inlet flow rate departs

considerably from the design specifications. As is pointed

out also in [10]. in the bibliography, this flow rate is ex-

tremely sensitive to the blade mounting angle, that is to the

blade throat area. Especially in the upstream blades, de-

viations in this angle have a big effect on the flow rate.

It is assumed from this that, since the blade mounting angle

was pronounced in the axial direction during the manufacture

of this turbine, the throat area increased as a result, and

there was a considerable flow rate as in the experiments. In

actual fact, it has been ascertained that in this turbine

the measured values of the throat area of the stator blades

are 5.0% greater than the values which were planned during

designing. Incidentally, when these measured areas are used

to calculate the performance of the turbine, the results are

as shown in Fig. 16. At point D, that is, the point of the

design corrected revolution speed and the design corrected

expansion ratio, the flow rate is about 5.4% greater than

the design flow rate, and this excess flow rate is close to

the amount obtained in the experiments. Besides, a deviation

in the blade mounting angle is also assumed from the stator

blade outflow angle in the diagram of the velocity triangle

(Fig. 14) obtained in the experiments. Furthermore, the

velocity triangle at point D in Fig. 16, which was calculated

using the measured throat area, agrees well with that of the

experiments, as is shown in Fig. 17. It may be concluded from

the preceding that the main cause of the excessive flow rate

in the experiments is the f6blowing. That is, since the

setting angle for mounting the stator blades deviated about

10, the throat area became excessively large as a result.

In this manner, in stator blades of an air-cooled turbine,

in which it is necessary to select a large outflow angle, a

slight deviation in the mounting angle will have a great
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influence on the flow rate. Therefore, it is especially

necessary to pay careful attention to this point.

In the experimental results for the internal flow, the

various experimental values had a considerable distribution

in the radial direction, and locally they displayed values

Ohich differed from the design values. In particular, it is

thought that the complicated shapes of the relative outflow

angles of the rotor blade were probably caused by the secondary

flow or the flow from the blade tip clearance. When these /19

results for the internal flow are considered in connection

with the results for the overall performance as described

above, the following may be said concerning the design.

That is, the hypotheses (or the designing methods) usedriin

designing this turbine locally do not agree with the actual

flow, but when viewed in terms of the overall performance

they may be called valid hypotheses (or designing methods) in

the average sense. Nevertheless, in fuhture designing it

will be necessary to make improvements while taking this actual

flow into consideration.

~. Conclusion

An air-cooled turbine was designed and manufactured with

a turbine inlet total temperature of 1,15000C as the target,

and experiments were performed here without supplying blade

cooling air in order to examine its aerodynamic performance.

Studies were made of the overall performance and of the internal

flow. The ranges of the experiments were a revolution speed

of approximately 70-110% and a turbine expansion ratio of

1.4-2.1.

The conclusions concerning the design obtained from

these experimental results were the following:

(1) It was learned that even air-cooled turbines which

are subject to various restrictions in their blade shape or

other items because of the necessity of passing cooling
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air inside the blades can be designed and manufactured, with-

out any impairment of their performance, by applying the

design techniques used in the past in non-cooled turbines,

under a number of basic policies which are required in air-

cooled blades.

The chief experimental results were the following:

(2) Within the range of the experiments, this air-cooled

turbine displayed an adiabatic efficiency of 0.7-0.865. The

maximum adiabatic efficiency of 0.865 was obtained at a

revolution speed in the vicinity 6f 90% and at an expansion

ratio in the vicinity of 1.72

(3) In this air-cooled turbine, the specific output obtain-

ed at the design revolution speed and the design expansion

ratio was approximately the same as that in the design. The

adiabatic efficiency at that time was 0.865, and the adiabatic

temperature efficiency (mass flow rate mean value) was 0.877,6

(4) The flow rate of this air-cooled turbine was choked

by the rotor blade, and the expansion ratio at which it was

thought that choking was performed foraall revolution speeds

in the experiments was approximately 2.3.

(5) The turbine flow rate at the design revolution speed

and the design expansion ratio was approximately 7.3% greater

than the design value. It is believed that this is chiefly

because the throat area of the stator blades was greater than

the design value. In blades with a rather great outflow

angle such as these stator blades, careful attention must be

paid when setting the throat part.

(6) The torque limit of the turbine does not yet occur

within the range of operations in the experiments.

(7) As for the work distributionlinLthhebbiade height

direction at the design revolution speed and the design ex-

pansion ratio, it is small near the TIP and the ROOT and

great near the MEAN. However, it was learned that the

designed work is given out by the blade as a whole.
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The following problems are left for the future:

(8) The hypothesis for thefflow inside the turbine used

in this design coincides on the average with the actual flow,

but it cannot be said to coincide locally. In the future, it

will be necessary to: make improvements in the design, taking

into consideration these real flow phenomena.

(9) Since it is thought that the cooling air has an

influence on the turbine flow, and consequently on the aerodynamic

performance, it will be necessary to perform designing and

experimentation in which this influence is also taken into

consideration.

(10) In the actual machinery, it is anticipated that

there will be considerable thermal deformations, not only in

the blades, but also in the. various turbine parts, and it

is believed that, in short blades such as these air-cooled

blades, they would have a relatively great influence on the

performance properties of the rotor blade tip clearance.

More detailed experiments are necessary for individual blades

in order to clarify the various performance properties of the

air-cooled turbine and air-cooled blades, including these

questions.

5gotPostscript
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APPENDIX A. DETAILS OF THE DESIGN /21

Details of the aerodynamic design of these turbines are shown

below. The hypotheses in the calculations used here as well as

the fundamental policies for determining the blade profiles and

blade arrangements are those described in the main text.

1. Calculating Turbine Performance Properties (Singl -Dimensional
Calculations)

The fundamental equations used in the calculations are the

following:

(1) equation for the relationship between the total tempera-

ture and the static temperature at the same point:

_=_- o (1.1)

(2) equation for the relationship between the total pressure

and the static pressure at the same point:

P " _=i I2>-C (1.2)

(3) equation for sound velocity a:

..... .J (1 .3 )

(4) equation defining velocity coefficient of stator

bIade N:

2= d. (1.4)
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Here, V 2 is the actual outflow velocity of the stator blade,

and V2 ad is the theoretical outflow velocity due to the adiabatic

thermal head.

(5) equation defining total pressure loss coefficienttof

rotor blade YtR:

Pr2-Pr
Pr 3 PS 3  (15)

Here, the subscript r (used for the temperature and pressure)

indicates a state of relative damming towards the blades. That

is, Pr2' Pr 3 and Ps3" are the relative total pressure at the rotor

blade inlet, the relative total pressure at the rotor blade outlet,

and the static pressure at the rotor blade outlet, respectively.

(6) equation for flow rate: If a single-dimensional current

is assumed, the turbine flow rate will be obtained by the

following equation:

* G=r7V.A (1.6)

Here,1A is the channel sectional area orthogonal to flow

velocity V.

The chief equations which are derived from the above funda-

mental equations and which are used in the calculations are the

following. When equation(:(1.6) is written in the form of a

dimensionless flow rate using equations (1.1)-(1.3), the fol-

lowing equation will be obtained:
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When the relative outflow Mach number of the rotor blade

Mr3 is calculated, the necessity of seeking it numerically arises.

That is, using the continuous conditions G2 = G3 and the adia-

batic hypothesis Tr2 = Tr3, we obtain the following from

equation (1.7): (
1+ A Pr2 As

21+ (1.8)

Here, A2 and A3 are the actual channel areas at right angles to

the flow at the rotor blade inlet and outlet, respectively. In

this case, since the annular areas are identical in both places,

the area ratio A3/A 2 is expressed by the following equation:

, s os (1.9)
/ cos _

On the other hand, the ratio Pr2/Pr 3 of the relative total pressure

before and after the rotor blade is expressed by the following

equation, using equations (1.2) and (1.5):

Pro J-1 ]P
2 _ J, -2-Pr3  1 [ + k, ' r7 f /(1.10)

Consequently, the following equation will be obtained if we

eliminate A3/A2 and Pr2/Pr3 from equations (1.8)-(1.10).

x[ 1r1+ 1 ] (1.11) 1+

COS t'2cos i

Mr3 is sought from this equation by finding a numerical solution.
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Furthermore, the total temperature ratio before and after

the turbine is expressed by the following equation on the basis of

equation (1.1), taking into consideration the adiAbatic hypothesis.

Tt 3  (1+ -i I ) J C1.12)
- --(1_2'--1,- -

S-1 -1

The :(tbthl pressure/static pressure) ratio Ptl/Ps 2 before

and after the stator blades, on the basis of equations(:(l:l)-(l.4),

will be the following, taking into consideration the fact that

$N is close to 1:

Pt J12  -- 1-"' '- /

-(1.13)

The total pressure ratio before and after the turbine may be ex-

pressed by the following equation, utilizihngtzthis equation as well

as dquations (1.2) and (1.10);

S -1 ,32 -- 11 l+--- lX -'- ) -

1 r 1-- l--i(1.14)

Using the total temperature ratio and the total pressure

ratio before and after the tu,bine, the adiabatic temperature ef- /22

ficiency of the turbine nl-3 is defined by the following

equation:

1-- (Pts/Pt)

(1.15)

42



The thermal head inside the turbine AHT is defined and

sought by the following equation:

JHr= (WV2, +W 3U) U (V2 +V2 1)U

Furthermore, the turbine flow rate is calculated by the

following equation. That is, if we take into consideration that

Ttl = Tt2 and A2 = Aa2COSc2, the flow rate G will be as follows

on the basis of equation (1.7):

G= t2

G= -1) (1.17)

Here, Pt2 is sought from the following equation. On the basis of

equations (1.1)-(1.4), the total pressure ratio before and after

the stator blades will be: /23

Pt L - '1 (1.18)

The sequence and results of these calculations are shown in

Appendix Table 1.

2. Calculation of Velocity Triangles (Two-Dimensional Calculations()

The fundamental equations for a single streamline are as

follows. From hypothesis (1), it is assumed that the interior of

the turbine is adiabatically insulated from the outside. 1he:

Therefore,

Ir1H= Ht2= I- H+I JH

(2.1)

Furthermore, since the gas is treated as a perfect gas,
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APPENDIX TABLE 1. SEQUENCE AND RESULTS OF CALCULATIONS
OF TURBINE PERFORMANCE

CALCULATING CONDITIONS:

T, 1=, 1423.2 K BLR=
4 6 .0 deg.

N= 13300 r. p. m =
0 . 9 7

3.I=0.80 ytR=0.23

ca=72.0 deg. rir=0. 2633 m

i =63.5deg. K=1. 315

b ec .tot f Ca.1c T ~.Ia
e cacu - alculating eqvaatios, value

lated ec
1 U2rNi60 3. 667179 + 02 m/sec

1 T1. 423200+03 K
2 Tt2 _0 K
3 T12  , M2 -Eq(1.1) 1.292878+03 K

4 a @- ~(!.3) 6. 983386+02 m/sec

5 11 , ,4" 5.586709 +02 m/sec

6 U/@ 5. 251291-01

7 
2. 357159-01

8 2 Al"cos 2  2. 472142-01

3. 415799-01

10 2 tan-(/) 4. 363619+01 deg.

11 -13/z2 cos p/cos @ 6.165203-01

12 ir @ I@,t R-Eq(1.
1 1 ) 7.732300-01

13 T , Eq(11) 1. 316637+03 K

14 T 3  @, @-Eq(1.1) 1.203323+03 'K

15 a3  --~. EI1.3) 6.737185+02 m/sec

16 a2 X 5. 209393+02 m/sec

17 1 @. sin, , 3  4.662063+02 m/sec

1s () x"2. 3S5384 + 02 m/sec

19 VI, (i @.sin@ 1. 646095+02 m/sec

0 6. 308158+02 m/sec

21 JH Dxrox/g.JEq(1 -16) 5.529457 + 01 kcal/kg

2 U /. 443192-01

23 2 1u 0 ~sina- 1.476705-01

24 3 Cos 3 3.450143-01

25 313 1/ 3.752885-01

26 T/Ttl -, , M1-,Eq(1.12) ,8.642610-01

27 Pts/Pt , , & 3 , 3 ,, 1.R--Eq(1l
4

) 4.951582- 01

2S -E1.15) 8. 759679-01
29 iBLR -2. 363808 +00 deg.

30 Va 
2.X3 4. M425 02 m/sec

(2.2)

4a ( 2 3 )
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M1= V/a
(2.4)

H=H+J (2.5)
dH=cp.dT

.dT, R d, (2.6)dT, R dP(
dS=cp Ts J P (2.7)

R
CP=,-1 J (2.8)

The fundamental equations for intervals between streamlines

use the following conditional equation for the radial balande [121:

1 dP, V. dT;,, (2.9)
p dr r dt

The chief equations which are derived from the above funda-

mental equations and from hypothesis 2.2 in the main text and

which are used in calculations are the following.

On the basis of hypothesis (2), the radial position (rl, r2 ,
r3 ) of the streamlines between the turbine stages can be written

as follows:

r1 = r 2 = r 3 = r. (2.10)

If the radial direction velocity component is regarded as minute

and is disregarded, equation (2.9) will assume the following form

(9imple radial balance):

g dP 1 
2

/ r d r (2.11)

On the basis of hypothesis (3), we may use equations (2.1)

and (2.5):

dH d dHt H5 1 -1 d, -

d2 
(2,12)
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On the basis of hypothesis (4), we may use equations (2.2),
(2.6) and (2.7):

/ dS dHs2 1 dP /

drT dr J. d =0
(2.13)

On the basis of hypothesis (5),

dr =0 (2.14)

On the basis of hypothesis (6), we may use equation (2.11):

t d -i (2.15)

Therefore, from equations (2.12), (2.13), and (2.15), we obtain:

d1 1r (2.16)

If the above equation is transformed using equation (2.14) and

V2 u = V2 sina 2 , we will obtain the equation for the radial direc-

tion distribution of the flow velocity at the stator blade outlet.

That is,

\ 7 m = Const

(2.17)

Here,

Furthermore, if hypothesis (7) and equation (2.10) are taken

into consideration, the following equation will apply.
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Here w is the angular velocity and w = 2TrN/60 (N: rpm).

Therefore, if we take into consideration

d()=o (2,19)
dr

we obtain the following equation from equations (2.1), (2.5),

(2.10) and (2.12):

-dr dr3 o -3 J (2,20)

On the basis of hypothesis (8), we may use equations (2.1),

(2.6), (2.7) and (2.12):

dS3  .1 (2. 21)

On the basis of hypothesis (9), we may use equation (2.11):

3 - di,- ,-3 (2.22)

Therefore, on the basis of equations (2.20), (2.21,)))and

(2.22), a similar equation to equation (2.16) can be obtained for

the rotor blade outlet as well:

' d -Wr3  1 ,- (2.23)

2 2 2
If we use V = V + V , the above equation will be3 3a 3u

1.d73,- -) d-V3 
2  (2.24)

Consequently, if we use equations (2,10), (2.17), and (2.18)

and transform equation (2,24), we obtain:
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d(1-3a)2 =2k1 2(nz_1) r- (2m+1)

-2kk. -1)- .- (2.25)

If we integrate this and insert the initial conditions that v

V2 a = V2aM at r = rM (the subscript M indicates the value.,.at

MEAN), we can obtain the equation for the radial direction dis-

tribution of the axial flow velocity at the rotor blade outlet.
m

That is, if we taken into consideration that k1 = V2 uMrM and that

k2 = (V2uM + V 3uM)YM, we obtain

1-mi 1--
11m 1 (r/r1 ) 

2 m

2(1-n)

(2,26)

Furthermore, the fact that the gas inside the turbine is

combustion gas was also taken into consideration, and the specific

heat at constant pressure cp was regarded as a function of the

temperature and of the air-fuel ratio. That is, the specific

heat at constant pressure of the air cp,air is first given as a

function of the temperature.

(2.27)

Here, Co, C1 , and C2< !are constants.

Since the enthalpy H at temperature T is:

r (2.28)

the enthalpy of the air Hair at temperature T will be expressed

by the following equation:
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H, ir=CoT 1 T2 C T3 ....... C

(2.29)

Here, CH is a constant.

The pressure or temperature before and after the adiabatic

change is sought using the following relative equation:

!og2s(P 2/Pi) =c-i1 (2 2.30)

Here, q is the entropy function. It is expressed by the following

equation:

Io"1 e) c dT

(2.31)

Consequently, the entropy function of the air Pair at the tempera- /26

ture T is expressed by the following equation using equation (

C2T. ........ +CF*R)

(2.32)

Here, CF is a constant.

Thus, for the air one first seeks cp air , Hair and 4air,
Then correction of the air-fuel ratio is given, and the cp, H
and p are sought for the combustion gas. The changes undergone by
the combustion gas are then calculated [13, 141].

The values obtained by cycle calculations are used as the

calculating conditions. On the basis of hypothesis (4), the

N' defined by the following equation was assumed to be constant

in the radial direction.
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--- (2.33)

Furthermore, if we assume the compressor outlet temperature to

be approximately 50000, the air-fuel ratio will have to be

approximately 0.015 in order for the turbine inlet temperature

to be 115000C. Therefore, calculations were performed with an

air-fuel ratio of X = 0.015. The results of theseacalculations,

together with the sequence of calculation, are shown in Appendix

Table 2. Thus, the design velocity triangle will be as shown

in Fig. 2 in the main text.

The turbine adiabatic efficiengy nT as defined by the

following equation was used.

JH'

(2.34)

Here, AHT and AHad are the actual thermal head and the adiabatic

head inside the turbine from the tubbine inlet total pressure

to the outlet total pressure. Even though n,, = 87.4% from the

results calculated in No. 61 of Table 2, the adiabatic efficiency

in designing was taken at 85.0%, taking into consideration the

effects of the blowout of the coolinguair because the turbine

is an air-cooled turbine. Consequently, the specific output AHT

of this turbine had a target of 53.8 kcal/kg (= 0.8 5'AHad).

Furthermore, the degree of reaction '(PR) and the theoretical

velocity (Vth) of this turbine were defined and sought by the

following equations:

PR dHr (2.35)
Vt ='J -qIH~d (2.36)

The chief design specifications of this turbine a,btained in

this way are shown in Table 1 in the main text.
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APPENDIX TABLE 2. SEQUENCE AND RESULTS OF CALCULATIONS
OF VELOCITY TRIANGLES

CALCULATING CONDITIONS
Tt= 1423.15 K a2= 72. Odeg. Cs'=0. 97

P,= 2500,) kg/m2 Vr_1= 58.67 m 'sec .=0. 015
N= 13300 r.p.m. I asv= 232. 44 m 'sec

JHr= 55. 29 kcal/kg 'T= 2.02

bj t
No e a cu _  Cal ulationpequa- TIP MEAN i ROOT . Uhit

S r give 2.793000-01 2.633000-01 2.473000-01 m
2 r r 'r 1.060767-00 1. 000000+00 9.392328-01

3 21  2=0N/60 - 3. 667179 02 m/sec
4 1 VU, g.JHr,/,).Eq(2.18) - 6.307637+02 m/sec
5 nz (sin ')"  - 9.045081-01

6 as Eq (2.26) 2.336302- 02 2.324400+02 2.309665+02 m/sec
7 U 2-1 /60 3.890023-02 3.667179+02 3.444335+02 m/sec

8 I2  V 7.-.r/2n , Eq42. 17) 5.296412+02 5.586700+02 5.912650+02 m/sec

9 I2 , D cos , e 1. 636685-02 1. 726389+02 1.827113+02 m/sec
10 1 u , sin ac 5.037186+02 5. 313266+02 5.623263+02 m/sec
11 -2u+ Vsu g.J. JIr/,Eq(2.18) 5.946297--02 6.307637+02 6. 715733+02 m/sec
12 13u - 9.091110+01 9.943708+01 1.092470+02 m/sec
13 1 @2 +C 2.506948 02 2. 528163+02 2. 555004+02 m/sec
14 1V-/2g.J @"/2g.J 3.352597+01 3. 730169+01 4. 178131+01 kcal/kg
15 H,1 SUB 90 (Ttl.;) - 3.753583+02 kcal/kg
16 Pt2 x', -Pt, Eq(2.33) - 2.425000+04 I kg/m 2

17 HtE: H 3. 758583+02 - kcal/kg
18 T, Tt - 1. 423150+03 K
19 H . 3.423324 02 3.385566+02 3.340770+02 kcal/kg
20 T.2 SUB 90 (, 2.) 1.308931+03 1.295984+03 1. 280599+03 CI

21 P, 2  SUB 100 ( ,, 1. . 2) 1.694513+04 1.624371+04 1.544024+04 kg/m2

22 Ir :/R.', Eq(2.2) 4.-122961-01 4. 282159-01 4. 119252-01 kg/m 3

23 x2 SUB 80 ( . 2) 1.307150+00 1.307751+00 1.308481-00
24 a2  2?gR. Eq2.3) 7.005601+02 6.972472+02 6.932869+02 m/cec
25 IVu @sin - 1.147163+ 02 1.646087+02 2.178928+02 m/sec
26 i12., 1.993680+02 2. 335377+02 2. 843602+02 m/sec
27 32 sin-' (-/) 3.502698+01 4.363609+01 5.001899+01 deg.
28 Al. 1/i 7. 560254-01 3.012509-01 8.528398-01
29 -31,2 / 2.852974-01 3.421135-01 4.101607-01
30 I/Tu I- 4.799134 --02 4.661550+02 4.536805+02 m/sec
31 11 / .+: 5. 337602-0'02 5,208923 02 5.090839+02 m/sec
32 W 2

2/2gJ @ /2g.J 3.404945--01 3. 242752l01 :3.097456+01 kcal/kg
33 3 -JH - 3. 205683-+02 - kcal/kg
34 Tts SUB 90 (-. : -i. 234028+03 -- CK

35 Pt3 Ptx/:T -.-- 237624+04 -- kg/m

36 V1'2/2gJ 2/ 2g.J 7. 511185+00 7. 634900 7.801907+00 I kcal/kg
37 1-1,3 -3. 130571+02 3.-129295+02 3. 127664+02 kcal/kg
38 T3 SUB 90 (. i) 1. 208016+03 1.207573+03 1.207007+03 iK
39 P SUB100 (k, (, ,.) ) 1.131391+04 1. 129648+04 1. 127424+04 kg/m 2

40 73 /R 3.199761-01 I 3.196003-01 3.191207-01 kg/ms
41 Ka SUB 80 (@, .) 1. 312173+00 1.312197+00 1.312'228+00

[Continued on following paged
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APPENDIX TABLE 2 (Continued)

No ~e.c Caulating equa- TIP MEAN ROOT Unit- ated Lons, etc.- .. 3.2 .

42 a ' , R 6. 743048+02 6. 741873-02 6.740372+02 : se
4 3. 717826 -01 3. 74 9942-01 3. 790597-01

44 .915711--01 7.72 632 --01 7.552831-01
45 .3 sin-:r, 6. 404244 01 6.349773-01 6. 301965 01 c .
46 3Ia3 .cos, 3.464756-01 3. 447706-01 3.426613-01
47 o cos-!3 2. 126236+01 2. 316124-01 2. 531428 -01 -.
48 33a .cosC 2. 336252--01 2.476007-01 2. 635426-01
49 H -H - ')2. 927522 01 2. 562716 - 01 2. 13105601 k,.: kg
50 P PH, 5. 294S48-01 4.635045-01 3.854331-01
51 cB- > 1/2 1. 309661-00 1 1. 309974 00 1. 310354--00
52 -, R J, -1) 2.899803-01 2.897575-01 2.894859-0' k,-,: kg-K
53 Pn,/Pti 1. - 4.950495-01.
54 Tes/T S T, - 8.671105-01 -55 1- (1/=' -i V . 1. 531597-01 1. 532681--01 1. 534001-01

56 , JHI' Tt' 8. 747481-01 8. 74802-01 8.748689-01

57 r,1a  1- /v 8. 676531-01 8.670391-01 8.662934-01
58 Tt2ad SUB 110 (Ttl. =r, .) 1.206500+03 K
59 H-2 a1d :SUB 90 (. 2) 3. 126040+02 ke) :kg
60 IHad - - 6.325431+01 kai kg
61 I JHr r

/.Eq(2.34) 8. 740906-01 _

.,Reffehnce: Concerning the subroutines used

1 SUBOUTINE INPUT OUTPUT Reference

SUB SO ' T. 2 , ic
" 90 7( or oH), . H( or T)

S100 P1, T1 T. P (13. '14)

S 110 PtI, Ptj/Pt_, 2 Tt

3. Determining the Profile and Arrangement of the Air-Cooled
Blades

(a) Stator Blades

We used the method of basing ourselves on the camber line
and of "fleshing it out" suitably ., That is, here we approxi-

mated the camber line by a cubic expression; we drew a series of

circles having their centers on the curve; and we assumed that

their envelopes were the external shape of the blade. In the
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a) .following, this method is

Z a described in detail (see

Appendix Fig. 1),

1.0

(1) Determining

/ s.sxY) the camber line: We took

,6-,(a) the blade's leading edge

i=l- OL as the point of origin, /27
Z as in Appendix Fig. 1 (b).

/T P.S (x,,) Then we plotted coordinate

c systems with the axial

CO \ ,R direction as the X axis

1 r -"- " and the circumferential

direction as the Y axis.

The camber line was ex-
Appendix Fig. 1. Method of calcu-
lating stator blade profile and pressed by the following
blade arrangements. cubic expression

Key: a. i-th circle

S=ra 3XS3 + aX2 +aX a .

The angles formed by the tangents on this camber line at the

blade leading edge OL and trailing edge OT with the X-axis direc-

tion are defined as the blade inlet angle BL and the outlet

angle BT, respectively. The angle formed by the chord connecting

OL and OT with the X-axis direction is defined as the angle of

stagger 5, and the length of the chord is defined as the chord

length C.

If BL, BT, , and C are assigned suitably with due considera-

tion to the fundamental policies (1), (3), and (4)), it is

possible to determine the coefficients al,,a 2 , and a3 of the

cubic expression.

(2) Method of '"fleshing out'": When the shape of the camber

line has been determined, the points on it CAM (X,Y) can be
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represented by coordinate X* on the blade chord (orthogonal pro-

jection of point CAMCX,Y) on the blade chord). Next there is a

shift from this coordinate to a new coordinate system x* (Appen-

dix Fig. 1 (a)) which has been made dimensionless so that the

center of the circle i = 1 (circle corresponding to the blade

leading edge) will correspond to x* = 0 and the center of the

circle i = m (circle corresponding to the blade trailing edge)

will correspond to x* = 1. In Appendix Fig. 1 (b), the distance

between the X* coordinates centering in circle i = 1 and i = m

will be:

Z=C-RLOSOL-RcOSOT

Therefore, this will be the divisor for conversion to dimension-

less terms in shifting from X* to x*. Here, eL is the angle

between the blade chord and the line connecting the center of the

circle i = 1 and OL' 8T is the angle between the blade chord and

the line connecting the center of i = m and OT*

Thus, the correspondence between x* and the coordinate

CAM(X,Y) on the camber line will be valid. On -the other hand,

if we divide the radius Y* of the circle determining the blade

thickness at CAM(X,Y) by the blade leading edge radius RL (Y* of

the circle i = 1) to render it dimensionless and represent it as

y*, then plot a circle with a radius y* at point x*, the results

will be as shown in Appendix Fig. 1 (a). This will form a

symmetrical blade profile, and the blade thickness will be given

in this shape so that there will be a good shape from the

aerodynamical standpoint.

On the contrary, if we supply the blade thickness distribu-

tion on the (x*,y*) plane as shown in Appendix Fig. 1 (a) and

also supply the blade leading edge radius according to funda-

mental policy (3), the blade trailing edge radius RT will be

determined from the ratio between the radius y* of the circle
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i = m and RL. Furthermore, eL and 0T will be determined if we

use a known camber line equation. Therefore, z can be calculated

from the equation given above. Consequently, with respect to a

certain xi* in Appendix Fig. 1 (a), one performs conversion

Yi*=rzxi* +RLCOSO

The position Xi* on the blade chord on the physical plane in

Agpendix Fig. 1 (b) will thus be determined, and the coordinate

CAM(X,Y) on the camber linewill also be determined. On the

other hand, the blade thickness Yi* will also be determined using

the relationship

on the basis of the relationship of yi* to xi* in Appendix Fig.

1 (a). In the final analysis, if one draws a circle with a radius

Yi* centering around point CAM(X,Y) in Appendix Fig. 1 (b) and

finds the two points of intersection between it and the normal

lines established on the camber line at this point, they will be

the coordinates on the upper and lower surfaces of the blade,

S.S(X,Y) and P.S(X,Y).

(3) Since the blade profile has been determined by the above,
the blade arrangement can next be determined if the number of

blades n is given. Therefore, the pitch S and the throad width 0

will be determined, and cos-l(O/S) can be calculated.

In this manner, the blade profiles and blade arrangements

were calculated by means of a computer for several values of

BL, BT, , C, RL, and n, and the blades to be adopted were deter-

mined in accordance with fundamental policies (1) and (2). That

is, taking into consideration the influence of the Mach number

and the curvature of the rear blade surface from the throat part

to the trailing edge, we adopted a design in which the calculated
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Value of cos-1(O/S), mentioned above, would be slightly smaller

than the stator blade absolute outflow angle (a2 ) of 72.00 of

the design velocity triangle [15], and in which the number of

blades would be as small as possible.

As for the blade thickness distribution, the blade thick-

nesses of air-cooled blades E2] having a design velocity triangle

relatively similar to theseaair-cooled blades were calculated in

reverse and used in the form shown in Appendix Fig. 1 (a). They

are shown in Appendix Table 3. The same blade thickness distri-

bution was used in every section, the TIP, the MEAN, and the ROOT

(the chord length was different)

APPENDIX TABLE 3. BLADE THICKNESS DISTRIBUTION USED
IN CALCULATING STATOR BLADE PROFILES [2]

.010
il

1 0.000 1.000 9 0.398 1.362

2 0.032 1.289 10 0. 474 1.171

3 0.069 1.447 11 0. 550 1.026

4 0.108 1.513 12 0.633 0.901

5 0.153 1.631 13 0.719 0.763

6 0.202 1.658 14 0.810 0.605

7 0.264 1.572 15 0.907 0.42S

8 0.329 1.461 16 1.000 0.237
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(b) Rotor Blades

Several blade profiles and blade arrangements were determined

for the TIP, the MEAN, and the ROOT followihg the fundamental

policies, and the blade surface velocities were sought experi-

mentally for each by the electrical analog method using electro-

conductive paper [16]. The blade loss and blade inlet critical

Mach number were estimated from the results, and we adopted the

design which had the smallest blade loss and in which the blade

inlet critical Mach number had an adequate margin and was con-

siderably larger than the design inlet Mach number of the rotor

blades. In the following this method is described in stages.

(1) Following fundamental policy (1), the solidity giving

the least profile loss (optimum solidity) was determined by means

of entry [15] in the bibliography, taking into consideration the

rotor blade outflow angle and the degree of reaction for each

section. It was determined so that the solidity would be slightly

smaller than the optimum solidity because of fundamental policy

(2), considering the fact that the blades are air-cooled blades.

(2) Next, following fundamental policy (4), it was assumed

that there are almost no changes of the chord length in the blade

span direction, and the chord length and number of blades were

determined, taking into consideration the solidity determined in

(1), so that the aspect ratio would not be too small.

(3) The blade leading edge and trailing edge diameters were

determined in accordance with fundamental pblicy (3).

(4) On the other hand, the throat width 0 was determined from

the rotor blade relative outflow angle 63 in the velocity tri-

angle. In other words, the difference between 63 and cos-l(O/S)

was determined by means of entry [15] in the bibliography, taking /28

into consideration the influence of the design outflow Mach number.
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(5) Next, the incidence at the design point was determined

slightly on the minus side from the zero incidence, taking into

consideration the operating range(of the turbine. This decision

was made on account of the general tendency of the characteris-

tic curves of the profile loss so that the efficiency would not

drop even at partial loads. The inlet angle of the blades BL
was determined from this incidence and from the 82 bf the

velocity triangle.

(6), Next, the angle of stagger was determined, and a blade

profile was drawn so as to satisfy the previously determined

pitch S, the leading edge diameter dL, the trailing edge diameter

dT, the throat width 0, and the blade inlet angle BL. At this

time, the curvature of the back surface of the blade between

the throat part and the trailing edge will have an influence on

the outflow angle. Therefore, this was taken into consideration

when making the decision [151. Since there isstill a certain

degree of freedom in the blade profile and blade arrangements

even under these conditions, several blade profiles were drawn.

The designs for the rotor blades, unlike those for the stator

blades, were drawn manually without using a computer.

(7) In this way, three types of blade profiles and blade

arrangements were compiled for the TIP, the MEAN, and the ROOT,

making up a total of nine designs. Since the goal was to select

blades which would have the optimum pressure distribution and

which would also have a low heat transfer rate outside the

blades, in accordance with fundamental policy (5), the surface

velocity distribution was sought by the electrical analog method

for each of the blades. The following equations were used to

calculate blade diffusion parameters (D) from these results. /29

D - (3.1)

Dp= --7

D,=Dp+ I/
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Here, VL is the blade inlet velocity,. V2 is the blade outlet

velocity, Vs is the maximum surface velocity on the back surface

of the blade, and Vp is, the maximum surface velocity on the

belly surface of the blade. According to entry [171 in the

bibliography, the specific blade loss L (L = (1 - nt)/aN [sic];

here nt is the adiabatic efficiency calculated from the turbine

output, and aM [sica] is the solidity at the MEAN) is particularly

influenced by Ds but generally declines together with the decline

of Dt. Therefore, we selected the design with the smallest Ds
and Dt. The results of the surface velocity distribution of the

rotor blades adopted in this

turbine are shown in Appendix

Fig. 2,mand the results of cal-
TIP 2.044
2r=9.3 mm S.. culations of the Ds, Dp, and Dt
I. / are shown in Appendix Table 4.

0.5- 0.626

The maximum pressure co-
SL.E.L.E. TE.T.E.

2.0MEAN efficient on the back surface
(r=263.3mm) S.S. 1.712

o1-2 f the blade Cpi,max was sought
10 , from the results in Fig. 5 byI \P. .

0.5 0.s4 means of

OL E. E  T.E .
2.0 ROOT

i (r=247.3mm) s 1.609 Cpimax=1---' (3. 2)

I 1 i S - 1 41 /
o0.i i The pressure coefficient in-

L.E.L.E. T.E. T.. fluencing the compressibility and
the critical inflow Mach number

tpendix Fig. 2. Rotor b
blade surface velocity at the blade inlet were determined

distribution by electrical using the Karman-Tsien method
analog method. [18, 19]. That is, according to
Key: a. Surface length the Karman-Tsien method, the

relationship between the pressure

ccodfficient Cp considering the compressibility and the pressure co-

efficient of an incompressible fluid Cpi is expressed as follows:
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APPENDIX TABLE 4. VALUES OF ROTOR BLADE DIFFUSION PARAMETERS,
PRESSURE COEFFICIENTS, AND CRITICAL INFLOW MACH NUMBERS

TIP MiaN ROOT
(r= 277. 3mm) (r= 21. im) (,-= 245. 3mm)

D 0. 164 1). 11,7 0. 258

at (d/c) (0. 240) t : ) (0. 267)

D, 0.374 .4 0.419

D 0.53. 8 . : 0. 677

Cpi,mx -3.178 -- 1. -1.589

C,max -4.0 - . -2.1

31 ,er 0.39 .48S 0.51

C4-  - c J(3.3)

Furthermore, in view of the definition of the pressure coefficient

Cp,

S-(3.4)

Here, M, is the mainstream Mach number at an infinite dis-

tance, and M is the locall'4Math number on the blade surface. If

we use Cpi,max, Cp,max, and M,cr to represent the Cpi, Cp and

M0 when M = 1.0, their relationships will be as shown in Appendix

Fig. 3, using equations (3.3) and (3.4). Let us assume that the

Mach number MI of the mainstream at the blade inlet is identical

with the M ih the Karman-Tsien equation. Then we can seek the

critical inflow Mach number M1 ,cr (= Mo,cr) at the blade inlet and

the maximum pressure coefficient of the blade taking into con-

sideration the compressibility Cp,max for the TIP, MEAN, and ROOT

sections from the values of Cpi,max sought previously from equa-

tion (3.2) and from Appendix Fig, 3. These results are shown in
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1_0__ Append.x Table 4. As a result,

it was possible to ascertain

i that the blade inlet critical

s =PI Mach number Ml,cr is considerably

greater than the rotor blade

-1 -2 -3 4 inlet Mach number Mr2 in the
. , design velocity triangle, and that

ppendix Fig. 3. Relation- the blade profile and bladeship between maximum
pressure coefficient and arrangements were8satisfactory.
critical Mach number
(K = 1.315).

(8) Finally, some modifi-

cations were incorporated so

that the blade shapes would be smooth together with the stacking

of the blade profiles having different sections sought in accor-

dance with fundamental policyv (4). On account of this, the

throat width 0 was finally aligned at the MEAN, while it was

slightly smaller at the TIP and slightly larger at the ROOT.

Consequently, the condition in the design policty that the work

distribution in the rotor blades must be constant in the radial

direction (hypothesis (7) in Section 2.2 of the main text) was

not completely satisfied, there being excessive work at the TIP

and insufficient work at the ROOT, while the design specifications

were satisfied at the MEAN.
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APPENDIX B. EQUTIVALENT CONDITIONS OF TURBINE OPERATING STATES
[20.-22

(a) Hypotheses

The equivalent conditions of the turbine operating states

are sought under the following hypotheses.

1) It is assumed that, when the Mach number M of the flow

inside the blade and the Mach number Mu of the peripheral

velocity are identical, the flow will be similar. The similarity

conditions are to be determined while ignoring the effects of

the Reynolds' number.

2) The fluid inside the turbine is assumed to be a perfect /30

gas, and the flow is assumed to be an adiabatic single-dimensional

flow.

3) The specific heat ratio inside the turbine is assumed

to be constant.

(b) Fundamental Equations

Equation for the relationship between the total temperature

and the static temperature:

=. +- 2 _J (4.1)

Equation for the relationship between the total pressure

and the static pressure:

P, 2 (4.2)
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Equation for the perfect gas;

PS (4.3)

Equation for the relationship between the velocity and the

Mach number:

(.4.4)

Equation for the flow rate: Assuming that the flow is a

single-dimensional flow:

G=r-A.V' (4.5)

(Oc) Derivation of the Equivalent Conditions

Corrected Flow Rate

The following equation is obtained by using equations (4.1)-

(4.4) in the continuous equation (4.5).

V( 21 1

The aboveeequation is valid also at the standard state. In other

words, it can be written in the following manner if the subscript

st is used to indicate the standard state.

_G_ V1 1
PtSt xst A-g

If we assume that the flow is similar to the flow at the standard

state, because M = Mst , the flow rate at the standard state Gst

C6an
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can be expressed in the following terms on account of the two

equations given above

G,=
-0

Here,

-R
_+ X -1 _

1 + 2.: 1 2  R,, ) (.4,6)

-Pt

(1-.1 'st-- 1 o _'

In other words, when the flow rate at a certain state is G, the

flow rate at the standard state, where the flow is similar with

that state, can be written as e-G-//a. Because of this, the

equivalent conditions of the flow rate are that e-G*//a is

identical.

Corrected Revolution Speed

The relationship between the revolution speed and the peri-

pheral velocity is expressed by the following equation

S D-,1- (4.7)

Here, D is the diameter of revolution and N is the revolutions

per minute. If we use equation (4.4) to express the.p.eripheral

velocity in terms of the Mach numbers, since Mu = U/VK g*R-T s ,

the following will be obtained from equation (4.7)
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M=- -

This equation will be equally valid in the standard state as well.

60 V,

If we assume that the flow is similar to the flow in the standard

state, since M = Mst and Mu = Mu ,st, the revolution speed at the

standard state Nst can be expressed as follows on the basis of the

two preceding equations.

N, (4.8)

Consequently, the equivalent conditions for the revolution speed

are that N// is identical.

Corrected Specific Output

The enthalpy drop is expressed by the following equation

H= H j (4.9)

This equation is valid similarly also at the standard state.

If we assume that the flow is similar to the flow at the standard

state, since M = Mst, the enthalpy drop;aat the standard state AHst
can be expressed as follows on the basis of the two preceding

equations.
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H N (4.10)
J st

Consequently, the equivalent conditions for the enthalpy drop

(specific output) are that AH/e is identical.

Corrected Torque

The torque T is expressed by the following equation using the

flow rate G, the revolution speed N, and the specific output AH.

/31
.60.J G.AH (4.11)
-2 N

The above equation is valid also at the standard state.

60.J Gt dH,

If we substitute equations (4.6), (4.8), and (4.10) in this equa-

tion, we obtain:

60.J J.G.v/ AH ( 60-J G-JH
02= 0 a .- N /. (4.12)

Furthremore, if we use equation (4.11), the torque at the standard

state Tst can be written as follows.

s=-- (4.13)

Consequently, the equivalent conditions of the torque are that

e-T/6 is identical.
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c1.06 - Corrected Expansion Ratio

S •' Th~ The adiabatic efficient nt
L4 of the tubbine is defined by

the following equation
a

.0 . = R --- - (4.14)

1.40 1.38 1.31 1.34 1.32 1.30 1.28

-p~endix Fig. 4. Flow rate The equation is also valid

correction coefficient. at the standard state.

Key: a. Correction co-
efficient; b. Specific
heat ratio t T

Ot~st- t s t 1-

t-1 J rat

1.48

If we assume that nt =
.40- = t,st when the flow is similar

1.4 to the flow at the standard
1.36-

state, the following can be ob-
1.32-

$ tained from the two preceding

equations.
1.24-

a 1.2o- 8RT(-1

1.16- 1- 1 i-1 st. Rst. T st

1.12-

1.0 .3 Furthermore, if we transform it

10 2.0 3.0 .. o 6.0 - - using equations (4.6) and (4.10),

I j b- we obtain:
Appendix Fig. 5. Expansion
ratio correction coefficient,

Key: a. Correction doef - -

ficient; b. Expansion ratio ,2

12
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From this, when we solve for the expansion ratio at the standard

state WT,st, the following equation is obtained:

Here,

( i -

(4.15)
14 1-212

Consequently, the equivalent conditions of the expansion ratio

are that .'rT is identical.

(d) Approximate Treatment of the Various Equivalent Condition
Equations

As was mentioned above, the equations for the equivalent con-

ditions for the flow rate, the revolution speed, the specific

output, the torque, and the expansion ratio can be expressed in

terms of equations (4.6), (4.8), (4.10), :(4.13), and (4.15),

respectively. Since the flow inside the turbine is usually

close to Mach 1, if we assume that M is approximately equal to

1.0 in these equations, the equations for e, e and containing M /32

will be as follows. Let us use the subscript cr to indicate the

values of e, t and c when M = 1.0. In this case, 0 will be as

follows on the basis of equation (4.6):

... (4.16)ees,/. t T-
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e will also be as follows on the basis of equation (4.6):

/ - (4.15 , (4.17)

¢ will be as follows on the basis of equation (4.15):

I(4.18)

There ecr, Ecr and cr may be used approximately in the afore-

mentioned equivalent condition equations.

In this report, the following values were adopted for the

standard state:

T, =288.2 K

SPt.st=10332 kg/m 2

Rst=29.27kg-m/ K.kg

K,t=1. 401

In this case, cer and Ocr may be depicted graphically in

terms of the differences in the specific heat ratio. They will

be as shown in Appendix Figs. 4 and 5. It is clear that, when

thenspeaffic heat ratio differs considerably from the standard

state, ecr and Ocr will have magnitudes great enought to require

consideration.
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